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ABSTRACT: For a real-valued function f on a metric measure space (X, d, ) the
Hardy-Littlewood centered-ball maximal-function of f is given by the ‘supremum-
norm’: .
M f(x ::supi/ fldp.

( ) r>0 ,LL(BI,T) Ba,r ‘ |

In this note, we replace the supremum-norm on parameters r by L,-norm with
weight w on parameters r and define Hardy-Littlewood integral-function I, ,, f. It
is shown that I, ., f converges pointwise to M f as p — oco. Boundedness of the
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1. Introduction

Maximal sublinear operators and their boundedness properties are one of the main tools in various aspects of
Fourier Analysis on Euclidean spaces R™ [9]. The prototype of these operators is the Hardy-Littlewood centered-

ball maximal-function M defined by
1 T+r

M = —
o=,

|f(y)ldy (1)
r—r
for any locally integrable function f on R. On other hand, there has been many attempts to extend various
classical results of Fourier Analysis for general metric measure spaces and in particular for Riemannian manifolds
and Lie groups. We only mention a few recent works with different flavors: [1, 3, 4, 5, 6, 8, 10]. One of the problems
concerning such extensions, is to define appropriate maximal operators with good boundedness properties. In [7] we
considered an abstract and unified approach to (1, 1)-weak type boundedness of Hardy-Littlewood maximal-function
operators. The main idea of the present note is to replace ‘supremum’ in the definitions of maximal operators by
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appropriate integrals on parameter-spaces, in order to find some affable substitutes for maximal operators. In this
note we apply this idea to Hardy-Littlewood maximal-function operator on metric measure spaces. For instance,
our modified version of (1) becomes

() = ( [ G f(y)ldy)pw(?")dr> ;

r—r

where w is an integrable function of r and 1 < p < co. We call I, ,, f the Hardy-Littlewood integral-function. In
§2, we give the definition of integral-function operators I, ,, and prove that lim,_, o Ip . f(z) = M f(x). In §3 (resp.
84), we prove that for any (non-compact) Lie group G with a left-invariant metric and a left-invariant measure
(resp. right-invariant measure) I, is (£4(G), L4(G))-bounded for 1 < p < ¢ < co (and suitable w). We also show
that I, . f is almost everywhere continuous for f € £,(G) and 1 < p < oo.

Remark 1.1. We hope to give some applications of methods and results of this manuscript in future works (see
also Remark 2.7):

(i) To compute explicitly mazimal functions of some sort of functions on Euclidean spaces by using Theorem 2.4.
(i1) To prove some regularity properties of mazimal functions similar to Theorems 2.6 and 3.4.
(#1i) To find boundedness properties of maximal function operators on general Lie groups.
(iv) To define some useful new classes of function spaces.

Acknowledgement. I would like to express my sincere gratitude to Dr. Mahdi Hormozi for valuable discussions
on various aspects of Fourier Analysis. Also, I would like to give thanks to the anonymous Referee for valuable
comments on the early version of this manuscript.

2. The main definition

Let X be a metric space with an unbounded distance function denoted by d. The open ball with center x € X and
radius 7 > 0 is denoted by B, ,. We have the following easy lemma.

Lemma 2.1. Let v be a Borel measure on X which is finite on bounded subsets. Then the function (x,r) — v(By )
from X x (0,00) into [0,00) is lower semi-continuous and the function r — v(Bg,) is left continuous. If for every
x,r we have v{y : d(z,y) =1} =0 (e.g. X is a Riemannian manifold and d,v are the canonical metric and measure
on X ) then the function (x,r) w— v(By ) is continuous.

Proof. Let (x,), and (r,), be sequences respectively in X and (0,0) such that x,, — x and r,, = r > 0. We
have Ny, Ugsn (Byr \ Beyr) = 0 and hence v(B, - \ By, r,) — 0. Thus if € > 0 then for sufficiently large n we have

V(Bw,'r) —e< V(Bw,r N Bwn,m) < V(Bwn,m)-

This shows the desired lower semi-continuity. Since r — v(B, ) is an increasing function, the lower semi-continuity
implies the desired left continuity. We have

(n Ukzn (Bey,r \ Ber) € {y - d(z,y) =1}
Thus if v{y : d(x,y) = r} = 0 then v(B,, ,, \ Bz,r) — 0 and hence for sufficiently large n we have
V(Ba,r,) — € <v(Bayr, NBay) < v(Boyr).
([

Let p be a Borel measure on X with u(X) = oo and such that for any nonempty bounded open subset U of X,
0 < u(U) < oo. We denote by Fioe(X) the set of measurable functions f on X such that [ [f|du < oo for every
bounded Borel subset U. For any f € Fjo.(X) the averaging-function Af of f is defined by

1
AP X % 0.00) 5 [0.00), AT =~ [ |fldg
H(Bafﬂ“) Bao o
By Lemma 2.1 the functions (z,7) — [, |f|dp and (z,7) — m are measurable. Thus Af is measurable. The

Hardy-Littlewood maximal-function M f of f is a measurable function on X defined by

Mf:X —1[0,00], Mf(z):=supAf(z,r).

>0

Thus M f(x) is just the supremum-norm of the function r — Af(z,r). Our main idea is to replace the supremum-
norm by an L,-norm:
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Definition 2.2. Let X,d, u be as above. Let w denote a nonnegative measurable function on (0,00) with

[lw] ::/ w(r)dr < oo
0

and such that w is also almost everywhere nonzero. We call w a radius-weight. Denote by w the finite measure on
(0, 00) with density w. For any f € Fioc(X) the Hardy-Littlewood integral-function I, ., f of type (p,w), 1 < p < oo,
is defined to be the measurable function on X given by

Ipwf: X —100,00], IL,,f(x):=]|r— Af(x,r)Hl;p(ﬁ,).
More explicitly, for 1 < p < co we have
Lt (@)= ([ wr)AfGr)ar)
0
By Lemma 2.1, r — Af(z,r) is left continuous. Thus for p = co we have

Iowf(x) =M f(z).

Since A is sublinear, I, ,, is sublinear on Fju.(X).

1/p

Lemma 2.3. Let 6 be a finite measure on a measurable space T and let ¢ : T — [0,00) be measurable. Then
19]lzoci0) = Jim [1¢llz,0)-

Proof. We denote || - [[z,@) by || - [l- Suppose [|$] < oo. Without loss of generality assume [[¢[|o = 1 and

0(T) = 1. We have limsup, [[¢[[, < 1. For e > 0 let S, := {t: ¢(t) > 1 —€}. Then (1 - G)G(SE)% < ||¢|lp- Since
0(Se) # 0 we have (1 — ¢) < liminf, ||¢|,, and hence 1 < liminf, ||¢||,. Thus ||¢]c = lim, ||¢|/,. Now suppose
[¢llc = 00. Let S := {t : ¢(t) < n}. By the first part of the proof we have ||¢|s: |00 = limy [[¢]s/ [|. Thus
[9]s: lloo < liminf, ||@]|,. Since sup,, |¢]s: oo = 0o we have lim,, ||$]|, = co. O

Theorem 2.4. For any f € Fioc(X) and every x € X we have
Tim Ty f () = M(2).

Proof. It follows from Lemma 2.3, with 7' = (0,00), § = w, ¢ = Af(x,"). d

Theorem 2.5. For g € [1,00) the following statements are equivalent:
(i) M is (Lq(X), Ly(X))-bounded.
(1t) The family {Ip w}1<p<oo is uniformly (Lq(X), Le(X))-bounded.
(i11) There exists a sequence (pp)n in [1,00) such that p, — oo and such that the family {I, w}n is uniformly
(L4(X), Ly(X))-bounded.

. 1 1 .
Proof. Since Af(x,r) < Mf(x) we have I, f(x) < |lw||» M f(z). Thus ||, wfllz,x) < [wl|7[[Mfllz,x)- This
shows (i)=(ii). By Theorem 2.4 and Fatou’s Lemma we have

[ @rpyan <t [ (1p)odn
X p X
This shows (iii)=-(i). (ii)=-(iii) is trivial. O

It is not hard to see that the statement of Theorem 2.5 is valid if the term ‘(L4(X), £L4(X))-bounded’ is replaced
by ‘(L4(X), L4(X))-weak-bounded’. In the case that X = R"™, d the standard Euclidean distance, and p the
n-dimensional Lebesgue-measure, it is well-known that M is (£4(R™), £,(R™))-bounded for 1 < ¢ < oo and also
(L1 (R™), £L1(R™))-weak-bounded ([9]). Thus the latter statement is valid with M replaced by I, ,,. We will see from
Theorem 3.3 that I ,, is also (£1(R"), £1(R™))-bounded. The proof of the next result follows from the definition
of I, v, and is omitted.

Theorem 2.6. In the case that X = R", for any nonnegative Schwartz test-function f on R™ and every p € [1,00),
I, wf is continuously [p] times differentiable, where [p] denotes the greatest integer < p.

We will see from Theorem 3.4 that for any p € [1, 00) and every f € L,(R™), the function I, ,, f is almost everywhere
continuous.

Remark 2.7. It is clear that the above formalism of ‘replacing supremum-norm by L,-norm on parameter-space’
may be applied to almost all mazimal sublinear operators of any kind. One can also work in an abstract framework
as in [7]. In this note we only consider the formalism for centered-ball Hardy-Littlewood maximal-function operators.
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3. I, . on Lie groups (I)

With the notations X, d, u,w as in §2, suppose that X = G is a non-compact Lie group and suppose that d and
1 = X denote the distance function and the measure canonically induced by a left-invariant Riemannian metric on
G. Thus d is a left-invariant metric and X\ is a left Haar-measure on G. The space Fioc(A) = Fioc(G) coincides
with the vector space of locally integrable functions on G with respect to A. By Lemma 2.1, we know that for any
f € Froc(A) the function Af : G x (0,00) — [0, 00) is continuous.

Lemma 3.1. For any f € Fioe(A), 7 € (0,00),p € [1,00) we have
1456 ey < (5 [ A6™90W) Iy 2)
! A(Be,r) JB.., r

Also we have [[Af(-; 7)o < N fllee -

Here A denotes the modular function of G ([2]), i.e. the unique mapping A : G — (0,00) satisfying A(Bz) =
A(z)A(B) for every x € G and every Borel subset B of G. Note that A is a continuous group-homomorphism.
Thus, it follows from the relatively-compactness of B, , in G, that the integral in right-hand side of (2) is finite.
For unimodular groups (e.g. abelian groups) A = 1. Thus for unimodular G, (2) becomes

NAfCr)lz, o0 < Fflle, o

Proof. Suppose that f > 0. For 1 < p < oo, by Jensen’s inequality we have

[asenroes [ (g [ roam)oe)
- [ G [, revow)ae

_ Mé) /B | ( /G 17 ()N (@) )dA(y)
=55 L (607 [ p@am)i)

11z, _
) s, B0

The case p = oo is trivial. (I

Definition 3.2. With the above assumptions, the G-norm of any radius-weight w is denoted by ||w||¢ and is defined

by
wllc :=/0 A1(”[,§:;)T)(/BwA(y—l)cu(gv,))dr.

If G is unimodular then we have ||w||¢ = ||w|| < co. It is clear that for any G there exist radius-weights with finite
G-norm. For instance:

w(r) = v,

e~ A(Be.r . _
{ ostosam < s@y Je, ATHAAW)

e otherwise

Theorem 3.3. With assumptions of this section on G, suppose that w is a radius-weight with finite G-norm. Then
we have

o flle,o < lwll @ [wll &l flle,0, (€ Fioe(N),1 < p < g < 0).

(Note that, for ¢ = co we let 2 := L1 and 1 :=0.)
ap P q
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Proof. By Jensen’s Inequality and Lemma 3.1, for ¢ # oo we have
0= [ ([ w(r)(Af(x,r»pdr)”dA(m)
G 0

i [ ([ T’( Dasnyar) e
< ||w||7/ A Af z,7))ddrd\(x)
—ul [ ut >( [ arnyasa)ar

§||u;||%/0 ”f”‘ AL 10)) / Ay~ 1)dA( ))

a-p
= w5 IIwHGIIfIILQ(A)-
For ¢ = oo the desired inequality is easily concluded. O

Theorem 3.4. With assumptions of this section on G, suppose that w is an arbitrary radius-weight. Let f € L,(X\)
with 1 < p < oo. Then for any x € G such that f is essentially bounded on a neighborhood of x, Ip, ., f is continuous
at x. In particular, Ip ., f is continuous almost everywhere.

Proof. Without loss of generality, suppose that f > 0. Let € > 0 be arbitrary and fixed. Choose a positive real

number a such that foa w(r)dr < € and such that M := esssup f|p(s,24) < 0. Then, for any y € G with d(z,y) < a
we have

’ P = ’ 71 TrzZ) — z z P T
|| wlasn —asnlar = [ ol [ 0@ - senae)

< / aw(r)(A(Bl”) /B 17(e2) — F2)laNG) s (3)
§/a w(r)2P MPdr < 2P MPe.
0

Choose a positive real number b such that ( -y <€ Then, by Jensen’s Inequality, for any y € G we have

[ wlAsn) - Art.n['ar < — o [ 1562~ Sl ar
b Be,r

[t
/ ;Z}é:r / [F(@2) — F(y2)PdA(z)dr
<[

w(r) / (2 y)|PdAdr W
(B
/ 2pr||£ odr < 2wl I£1 e
Since Af is continuous there exists § > 0 such that for any y € By 4
Af(e,r) — Af(yr) <e, (a<r<b),
and hence b
[ e = Af(n)|dr < ol (5)
If d(x, ) < min{a, 8} then by (3),(4),(5) we have
[lpnf @) = Tyt " < [ T W) Af (e, r) — Af(y,r)|Pdr
< (22M7¢) + (luolle?) + (2wl F12 ye)-

The proof is complete. O

147



M. Maysami Sadr, AUT J. Math. Comput., 5(2) (2024) 143-149, DOI:10.22060/AJMC.2023.22259.1147

4. I, . on Lie Groups (II)

With the notations X, d, u, w as in §2, suppose that X = G is a non-compact Lie group. Consider two Riemannian
metrics on G such that one of them is left-invariant and another one is right-invariant, and such that the two
metrics coincide on Lie-algebra of G. Let d denote the distance function on G induced by the left-invariant metric
and let u = p denote the measure on G induced by the right-invariant metric. Thus p is a right Haar-measure
on G. If \ as in §3 denotes the measure induced by the left-invariant metric then we have A\(B) = p(B~!) and
p(zB) = A(x~1)p(B) for every z € G and Borel subset B of G.

Lemma 4.1. For any f € Fioc(p),r € (0,00),p € [1,00] we have

NAfC )z, 00 < NSl o)

Proof. Suppose that f > 0. For 1 < p < oo, by Jensen’s inequality we have

/G(Af(x,?"))pdp(w) < /G (p(BIW /me fp(y)dp(y)>dp(x)
- ) S L, )

MQJLA.MWW@@w

:@ /B /G fP(zy)dp(x)dp(y)

— p
= 112 .

The case p = oo is trivial. O

Hf||12p(p)dp(y)

e

The proof of the following theorem is omitted. It is similar to the proof of Theorem 3.3 but uses Lemma 4.1.

Theorem 4.2. With assumptions of this section on G, suppose that w is an arbitrary radius-weight. We have

1
I p.wflizyo) < Wz [ fllz,ys (f € Froelp),1 <p < g < 00).

The statements of Theorem 3.4 remain valid with the new assumptions of this section on G. The proof is also
similar to the proof of Theorem 3.4. The only thing that may need an explanation is the relevant modification of
(4): We have ||fH’2p(p) = A(z™") [, fP(x-)dp. Thus if we get y so close to x such that A(y) < 2A(z) then we have

/c [f (@) = fQy)Pdp = || f(z) = FIIZ ()
< (1@ Ny + 170 ey)”
= (8@ +am)7) 111,

< 3pA($)||inp(p)~

Hence we replace the last line of (4) by

* w(r) » »
SA Sy A, ydr < FAG LI,
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